Abstract: Default mode network (DMN) deactivation has been shown to be functionally relevant for goal-directed cognition. In this study, the DMN's role during olfactory processing was investigated using two complementary functional magnetic resonance imaging (fMRI) paradigms with identical timing, visual-cue stimulation, and response monitoring protocols. Twenty-nine healthy, non-smoking, right-handed adults (mean age 5 26 6 4 years, 16 females) completed an odor-visual association fMRI paradigm that had two alternating odor 1 visual and visual-only trial conditions. During odor 1 visual trials, a visual cue was presented simultaneously with an odor, while during visual-only trial conditions the same visual cue was presented alone. Eighteen of the twenty-nine participants (mean age 5 27.0 6 6.0 years, 11 females) also took part in a control no-odor fMRI paradigm that consisted of a visual-only trial condition which was identical to the visual-only trials in the odor-visual association paradigm. Independent Component Analysis (ICA), extended unified structural equation modeling (euSEM), and psychophysiological interaction (PPI) were used to investigate the interplay between the DMN and olfactory network. In the odor-visual association paradigm, DMN deactivation was evoked by both the odor 1 visual and visual-only trial conditions. In contrast, the visual-only trials in the noodor paradigm did not evoke consistent DMN deactivation. In the odor-visual association paradigm, the euSEM and PPI analyses identified a directed connectivity between the DMN and olfactory network which was significantly different between odor 1 visual and visual-only trial conditions. The 
INTRODUCTION
The functional relevance of the Default Mode Network (DMN) deactivations during goal directed and externally oriented task performance has been well established [Anticevic et al., 2012; Calhoun et al., 2008] . For example, cognitive tasks, that demand attention and working or episodic memory, are generally accompanied by blood-oxygenlevel-dependent (BOLD) signal modulations in brain regions considered to be part of the DMN [Anticevic et al., 2012; Binder, 2012; Biswal et al., 1995; Buckner et al., 2008; Fox et al., 2005; Greicius et al., 2003; Li et al., 2012; Raichle et al., 2001; Raichle and Snyder, 2007] . These task-induced DMN deactivations represent competition for cognitive resources and have been shown to be proportional to the cognitive load associated with a task [McKiernan et al., 2003; Wen et al., 2013] . Therefore, data support the premise that DMN deactivation is a phenomenon characterized by rich cognitive activity that can potentially help unravel how brain networks interact during externally oriented task performance [Anticevic et al., 2012; Andrews-Hanna, 2012; Fox et al., 2005; Hampson et al., 2006] .
While DMN modulations have previously been reported during auditory-and visual-sensory task performance, no study has explicitly investigated the DMN's role during olfactory processing [Greicius et al., 2009; . This relationship is important because unlike other dominant human sensory systems such as vision, the multidimensional olfactory perception is highly dependent on top-down as well as bottom-up brain networks [Doty et al., 1994; Savic et al., 2000] . A tight functional connection between the DMN and the olfactory network, consisting of brain regions typically recognized to be responsible for generating an olfactory percept, may suggest that olfactory processing is subserved by attentional and memory demands [Gonzalez et al., 2006; Gottfried, 2010; Olofsson et al., 2012; Zelano et al., 2011] . This is in line with the notion that DMN interactions with task positive networks (TPNs) are modulating task-evoked activity [Barber et al., 2013; Chai et al., 2014a; Di and Biswal, 2014] . For example, a dynamic point of view of the DMN's role suggests that the DMN activity before performing an executive or attentional task may predict subsequent taskevoked brain response and behavioral performance Fox et al., 2006 Gottfried, 2010; Gottfried et al., 2002; Heimer, 1978; Royet et al., 2015; Saive et al., 2014; Wilson and Stevenson, 2006] . Therefore, investigating DMN deactivation during olfactory processing can further elucidate how the formation of a human odor percept is dynamically modulated at the neural network level, providing information about the role of DMN in a new sensory modality [Doty et al., 1994; Karunanayaka et al., 2014] .
The goal of this research was to combine two functional magnetic resonance imaging (fMRI) paradigms with an integrated analytical method that included Independent Component Analysis (ICA), extended unified structural equation modeling (euSEM), and psychophysiological interaction (PPI) to establish and characterize the interaction between the DMN and olfactory network. The two fMRI paradigms were complementary to each other and had identical timing, visual cue stimulation, and response monitoring protocols. The first odor-visual association or four-intensity paradigm had alternating odor 1 visual and visual-only trial conditions . During odor 1 visual trials, a visual cue was displayed simultaneously with an odor, while during visual-only trials the same visual cue was presented alone. The no-odor fMRI paradigm consisted of a visual-only trial condition that was identical to the visual-only trial condition in the odor-visual association paradigm.
Previously, we demonstrated a rapid and transient interaction between olfactory and visual networks by highlighting the ability of visual-only trial conditions in the odor-visual association paradigm to elicit robust BOLD activation within primary and secondary olfactory structures [Bone and Jantrania, 1992; Karunanayaka et al., 2015; Maaswinkel and Li, 2003; Martinez et al., 2015; Mitchell et al., 1995; Seigneuric et al., 2010; Seo et al., 2010] . These results raised further questions, including whether intrinsic resting state networks (RSNs), such as the DMN, are involved in odor processing or whether the visual cue itself is responsible for this activation . One goal of the current study, therefore, was to delineate the interaction between the primary olfactory network (PON) and the DMN. The PON encompasses the primary olfactory cortex (POC), which is considered to be the earliest site of olfactory information processing and includes the piriform cortex, anterior olfactory nucleus, olfactory tubercle, entorhinal cortex, amygdala, and periamygdaloid cortex, regions that receive direct projections from the olfactory bulb [Gottfried, 2010] . Because of odorvisual pairing, we hypothesized a similar level of DMN deactivation during both the odor 1 visual and visual-only trial conditions in the odor-visual association paradigm r Karunanayaka et al. r r 1126 r . In contrast, we hypothesized different levels of DMN deactivations between visual-only trial conditions in the odor-visual association (or fourintensity) and no-odor paradigms. This is because the DMN deactivation caused by the same visual cue in the respective paradigms should be similar unless visual cues in the odorvisual association paradigm are influenced by the odor-visual pairing. Additionally, in the odor-visual association paradigm, we hypothesized differential DMN functional connectivity (FC) with the olfactory network during odor-1 visual and visual-only trial conditions. Such DMN connectivity may highlight that the communication between the DMN and olfactory network might play an important role in inhibiting unwanted brain activities, thus making behavior responses more reliable during goal-directed, olfactory task performance [Anticevic et al., 2012; Wen et al., 2013] .
MATERIALS AND METHODS

Participants
Twenty-nine healthy, non-smoking, right-handed young adult participants (mean age 5 26 6 4 years, 16 females) took part in the study with written consent and prior approval from the Pennsylvania State University College of Medicine Institutional Review Board (IRB). All were screened for complications specific to olfactory dysfunction (e.g., viral infection, allergies) and MRI safety (e.g., metal implants, claustrophobia). All participants had normal smell function based on the University of Pennsylvania Smell Identification Test (UPSIT) [Doty, 2000; Doty et al., 1984] .
Experimental Design
Odor-visual association paradigm Figure 1a illustrates the details of the event related, odor-visual association lavender fMRI paradigm. In our previous publications, we have referred to this paradigm as the four-intensity paradigm [Karunanayaka et al., 2014 . The unique advantages of this paradigm, including its ability to overcome olfactory habituation, have been discussed in detail elsewhere [Karunanayaka et al., 2014] . Odor delivery was synchronized with presentation of the visual cue, "Smell?" using a MR compatible olfactometer [Emerging Tech Trans, LLC, Hershey, PA; Karunanayaka et al., 2014] . Each odor 1 visual trial (6 s) was followed by two visual-only trial conditions: the first consisted of 12 s of the visual cue "Rest," and the second consisted of 6 s of the visual cue "Smell?". Odorants were mixed with moisturized room temperature fresh air and delivered to both nostrils once every 36 s at a constant air flow-rate of 8 L/ min during odor 1 visual trials. The baseline air flow-rate of 8 L/min was held constant so that odorant delivery was also at the same flow rate. To avoid tactile or thermal stimulation, the same constant fresh airflow was maintained across the visual-only trial conditions. Participants were instructed to press a button with the index finger of their right hand to indicate that they smelled an odor, and to press with their left hand if they did not smell an odor. There was no time limit to respond and participants were not instructed to respond rapidly, but rather to be as accurate as possible. Participants were instructed to respond with a button press (i.e., as to whether or not an odorant was present) during both odor 1 visual and visual-only conditions. Additionally, all participants were instructed not to sniff, but to follow their normal breathing patterns during fMRI scanning which were also monitored using a chest belt [Wang et al., 2011] .
The odorant intensities were adjusted by diluting lavender oil (Quest International Fragrances Co., Mount Olive, NJ) in 1,2-propanediol (Sigma, St. Louis, MO) to generate weakest (0.032%), weak (0.10%), medium (0.32%), and strong (1.0%) odor intensities. Lavender odorant was used for several reasons: (1) most people can easily detect lavender odor intensity variations, (2) minimal habituation, and (3) lavender has no propensity to stimulate the trigeminal system [Allen, 1936; Grunfeld et al., 2005; Karunanayaka et al., 2014; Patton and Fulton, 1960; Wang et al., 2010] . Additionally, lavender is generally perceived as being pleasant and familiar by most North Americans.
No-odor paradigm
To investigate the effects of the visual cue "Smell?" itself on DMN dynamics, eighteen subjects (mean age 5 27.0 6 6.0 years, 11 female) who also participated in the odor-visual association paradigm took part in a control no-odor fMRI paradigm as shown in Figure 1b . These 18 subjects completed the two paradigms in a counterbalanced order. The no-odor paradigm consisted of visual-only trials during which the visual cue "Smell?" was presented alone with constant fresh airflow at the same flowrate as in the odor-visual association paradigm. These visual-only trials were identical in timing, visual cue stimulation, and response monitoring to that of the visual-only trials in the odor-visual association paradigm. Again, participants were asked to respond whether or not an odor was present during each visual-only trial condition by pressing a button with the index finger of their right hand to indicate that they smelled an odor, and to press with their left hand if they did not smell an odor. Additionally, they were instructed not to sniff during fMRI scanning, but to follow their normal breathing patterns which were monitored using the chest belt.
In summary, the two paradigms had identical timing, visual cue stimulation, and response monitoring protocols. Behavioral performance during both fMRI paradigms was carefully monitored by the study coordinator during scanning. Button responses, respiration patterns and motion parameters were used to identify and exclude subjects with irregular respiration changes, excessive sniffing, and/ or poor task performance. A post fMRI interview ensured that all subjects smelled odors only during the odor 1 visual condition and not during the visual-only condition (see Supporting Information).
fMRI Image Acquisition
MR images of the entire brain were acquired using GE-EPI (with an acceleration factor of 2) on a Siemens Trio 3.0 T system with the following parameters: time of repetition (TR)/time of echo (TE)/flip angle (FA) 5 2,000 ms/30 ms/ 908, FOV 5 220 mm 3 220 mm, acquisition matrix 5 80 3 80, 30 slices, slice thickness 5 4 mm, and the number of repetitions 5 234. T1-MPRAGE anatomical images were also acquired for anatomical underlay with the following parameters:
slices 5 160, slice thickness 5 1 mm, FOV 5 256 mm 3 256 mm 3 160 mm, matrix size 5 256 3 256 3 160, TE 5 30 ms, TR 5 2,300 ms, and acquisition time 5 321 s.
Data Analysis
The fMRI data were preprocessed with standard procedures such as realignment, co-registration, normalization, (a) The odor-visual association or four-intensity fMRI paradigm with alternating odor 1 visual and visual-only trial conditions. During odor 1 visual trials, the visual cue, "Smell?," was presented on an LCD screen paired with lavender odor. During visual-only trials the same visual cue was presented by itself. The word "Rest" was displayed on the LCD screen during the rest period. Four intensities of lavender odorant were presented starting with the weakest intensity and ending with the strong intensity. Each intensity was presented three times before the next odor intensities were presented in a progressive manner from weakest to strong. A constant fresh airflow of 8 L/min was maintained throughout all conditions (including the "Rest") to avoid tactile or thermal stimulation. Participants had to perform a button press response to indicate the presence/absence of an odor during odor 1 visual and visual-only trial conditions. (b) Eighteen of the study participants took part in the control noodor paradigm consisting of visual-only trials during which a constant fresh airflow of 8 L/min was maintained. These visualonly trials were identical in timing, visual-cue stimulation and response motoring structure to that of the odor-visual association paradigm. Participants were also asked to respond to the presence or absence of an odor during each visual-only trial.
[Color figure can be viewed at wileyonlinelibrary.com] and smoothing (8 mm) using the SPM 8 software [Wellcome Trust; Ashburner et al., 2009] . These steps were followed by ICA decomposition to identify spatially independent BOLD activation patterns and their temporal behavior during olfactory fMRI paradigms [Calhoun et al., 2001; Karunanayaka et al., 2007 Karunanayaka et al., , 2010 Karunanayaka et al., , 2014 .
A promising feature of ICA is its ability to uncover hidden information otherwise hard to obtain from standard fMRI data analysis techniques. Group ICA methodology, as implemented in this manuscript, consisted of two parts: (1) preprocessing steps (i.e., mean centering and Principal Components Analysis (PCA)] at both individual (40 components) and group (50 components) levels, and (2) ICA decomposition (using 25 repeated runs of the FastICA algorithm), followed by hierarchical agglomerative clustering. Details of the ICA decomposition for this paradigm have been explained in Karunanayaka et al. [2014] . Finally, a voxel-wise random effects analysis (one-sample t-test) was performed on individual IC maps to determine the group IC maps [Karunanayaka et al., 2014] .
The task-relatedness of each IC was determined by (1) the spectral power of the IC time course at the task frequency and (2) the phase of the IC time course relative to the task on-off reference time course [Karunanayaka et al., 2007 [Karunanayaka et al., , 2014 Schmithorst et al., 2006] . Using IC time courses, the associated hemodynamic response function (HRF) and the single-trial response of each network were evaluated using methods described elsewhere [Eichele et al., 2008] . Specifically, this method entails estimating the HRF by forming a convolution matrix of the stimulus onsets and multiplying its pseudoinverse with the IC time course. This was then followed by single-trial b estimation by fitting a design matrix containing predictors for the onset times of each trial convolved with the estimated HRF in the previous step onto the IC time course. Since the primary olfactory networks showed almost identical temporal behavior during odor 1 visual and visual-only conditions, a single composite HRF was estimated for both conditions in each network followed by respective b estimates.
The extended unified structural equation modeling (euSEM) was combined with Group Iterative Multiple Model Estimation (GIMME) to estimate directional influences between the DMN and olfactory network during the odor-visual association paradigm [Gates et al., 2011; Gates and Molenaar, 2012] . The combination of these two techniques is an established effective connectivity estimation technique for olfactory fMRI data [Karunanayaka et al., 2014] . Briefly, this method iteratively identifies the optimal causal structure during a given fMRI paradigm across participants such that, if estimated, would offer the greatest statistical improvement for at least 75% of the individuals in the sample [Gates and Molenaar, 2012] .
Using the psychophysiological interaction (PPI), we further investigated whether the connectivity between the DMN and the olfactory network was modulated by the two trial conditions [Cisler et al., 2014; Friston et al., 1997; O'Reilly et al., 2012] . In the PPI linear regression model, the main effects of the task (i.e., task on-off reference time course) and DMN time course, and the PPI effects between them were added as independent variables along with a constant. A significant interaction effect implied that the connectivity between the DMN and olfactory network was modulated by the two types of trial conditions in the odor-visual association paradigm.
RESULTS
Olfactory and DMN Network Behavior During the Odor-Visual Association Paradigm
Figure 2 shows two highly task-related IC maps, identified as primary olfactory networks (PON1 (i) and PON2 (ii)) and the DMN (iii) that subserve the odor-visual association paradigm. The brain regions encompassed in each network are tabulated in Table I . Previously, using a nonoverlapping data set, we proposed a framework to investigate causal connections of IC maps that subserve this task [Karunanayaka et al., 2014] . In this article, we focus on PON1 and PON2 that show clear distinction between anterior and posterior aspects of the primary olfactory cortex [Karunanayaka et al., 2014] . Since the anterior POC is implicated in deciphering chemical identity of odorants and the posterior POC in mediating perceptual features, these two networks are hypothesized to handle primary olfactory-related processing [Gottfried, 2010; Karunanayaka et al., 2014] . Additionally, the hippocampus/parahippocampal region is differentially synchronized with the PON1 and the DMN during odor 1 visual (or visual-only) trial conditions and interleaved rest conditions [GoodrichHunsaker et al., 2009; Lehn et al., 2013; Royet et al., 2011] . 
DMN Deactivation During Odor 1 Visual and Visual-Only Trial Conditions in the Odor-Visual
Association Paradigm Figure 3 shows the estimated HRF of the DMN for both the odor 1 visual and visual-only trial conditions in respective PONs. The correlation coefficient of the average time courses of PON1, PON2 and DMN with the on-off task reference function were: 0.55 (P < 0.00001), 0.85 (P < 0.00001), and 20.48 (P < 0.00001), respectively. As such, the DMN is in opposite phase to both olfactory networks during odor 1 visual and visual-only trial r DMN Deactivation r r 1129 r conditions. In contrast, our data-driven methods were unable to estimate the HRF and detect DMN deactivations during visual-only trial conditions in the no-odor paradigm. This is because the DMN temporal behavior was mostly unsuppressed and random during visual-only trial conditions as shown in Figure 4 (iii).
Figure 2.
The primary olfactory network (PON1 and PON2) and the Default Mode Network (DMN) behavior during the odor-visual association or four-intensity paradigm. PON1 (i) and PON2 (ii) showed task-related behavior for both the odor 1 visual and visual-only trial conditions. The DMN (iii) was deactivated or suppressed and opposite in phase during both odor 1 visual and visual-only trial conditions. In contrast to the PON1 and PON2 behavior, the DMN was active during rest conditions. Hippocampus/parahippocampal cortex was differentially synchronized with PON1 and the DMN during odor 1 visual (or visual-only) trials and interleaved rest conditions. DMN, Default Mode Network.
[Color figure can be viewed at wileyonlinelibrary.com] Figure 4 shows the corresponding PON1 (i) and PON2 (ii) spatial as well as temporal behaviors during the noodor paradigm. They showed high inter-subject variability while exhibiting inconsistent task-related behavior. Therefore, unlike the odor-visual association paradigm, the data-driven method was unable to estimate the HRF and single-trial b estimates for visual-only trial conditions. Figure 4(iii) shows the spatial and temporal behavior of the DMN during the no-odor paradigm. The DMN activity in this case did not show consistent deactivation, in addition to showing a high degree of inter-subject variability as indicated by the thickness (std. in a.u.) of the time course.
DMN and Olfactory Network Activity During Odor 1 Visual and Visual-Only Trial Conditions in the Odor-Visual Association Paradigm
In the odor-visual association paradigm, using a general linear model approach, we have previously demonstrated that the BOLD activation produced by visual-only trial conditions in olfactory structures (such as the POC, insula, etc.) was nearly identical to that of odor 1 visual trial Figure 3 . Estimated hemodynamic response functions (HRFs) for each network using IC time-courses shown in Figure 2 (right hand side) where PON1 and PON2 exhibited almost identical temporal behavior during odor 1 visual and visual-only conditions. Similarly, the DMN suppression was almost identical during odor 1 visual and visual-only conditions. Therefore, a single composite HRF was estimated for both conditions in each network to investigate phase differences between the olfactory networks and the DMN. The primary olfactory PON1 (i) and PON2 (ii) networks during the control no-odor paradigm. In contrast to the odor-visual association paradigm (Fig. 3) , PON1 and PON2 showed high intersubject variability in its temporal behavior and also inconsistent task-related behavior. The data driven method was unable to estimate the HRF and thus single-trial b estimates for visualonly trial conditions in this paradigm. The DMN (iii) behavior during the no-odor paradigm. In contrast to the odor-visual association paradigm, the DMN behavior persisted across both the rest and visual-only conditions. The temporal behavior of the DMN was uncoupled from the task on-off reference time course, and mostly unsuppressed in a random fashion. [Color figure can be viewed at wileyonlinelibrary.com] r DMN Deactivation r r 1131 r conditions . This raised the possibility that activation elicited by visual-only trials might be caused by preceding odor 1 visual trial conditions in this paradigm. In the current analysis, the almost identical temporal behavior of PON1 and PON2 during odor 1 visual and visual-only trial conditions provide direct support for this possibility (Fig. 2) . Therefore, we quantified the respective network behaviors during odor 1 visual and visual-only trial conditions in terms of average single-trial b estimates as shown in Figure 5 . No significant differences in b estimates were found in any of the three networks between the two trial conditions. Table II shows the correlation analyses between the b estimates of odor 1 visual and visual-only trial conditions in all three networks. These highly significant correlations provide additional evidence that olfactory network activity during visual-only trial conditions might be influenced by odor-visual pairing causing suppression of the DMN.
Interactions Between the DMN and Olfactory Network in the Odor-Visual Association Paradigm
The extent of the DMN interaction with the olfactory networks was investigated using correlational analyses of single trial b values. Both PON1 and PON2 showed negative correlations with DMN activity during odor 1 visual and visual-only trial conditions. However, only the PON1 activity during visual-only trials showed a significant correlation (r 5 20.4, P < 0.03), implying a potential ability of the DMN to impact the olfactory network activity during the performance of this task.
To gauge the extent to which a subject's DMN activity before odor 1 visual and visual-only trial conditions influence the olfactory network activity, we calculated the correlation coefficient between the time series of the DMN and the inverse task on-off reference time course (task design with 11 assigned to rest epochs and 21 assigned to stimulus epochs, convolved with the canonical hemodynamic response function). We found the DMN is positively correlated (r 5 0.487000, P < 0.00001) with the inverse task waveform, implying higher DMN activity during rest conditions. Figure 6 shows higher DMN activity in terms of single trial average b estimates during rest conditions before visual-only trials when compared with odor 1 visual trial conditions. Additionally, the DMN activity level Network responses during odor 1 visual and visual-only trial conditions in terms of average single trial b estimates. The average was first across odor 1 visual and visual-only trial conditions and then across subjects. All three networks showed no significant differences between average b estimates of odor 1 visual and visual-only conditions, implying comparable network behavior during both trial conditions. Overall, PON2 had greater network activation (P < 0.001) when compared with PON1 during both the odor 1 visual and visual-only conditions. [Color figure can be viewed at wileyonlinelibrary.com] in rest conditions before respective trial conditions was not correlated. However, the DMN suppression during odor-1 visual (r 5 20.71, P < 0.0001) and visual-only (r 5 20.67, P < 0.0001) conditions (i.e., b estimates) increased with increasing correlation with the inverse task waveform and the DMN time course. The DMN activity before odor 1 visual and visual-only trial conditions, both subject-wise and trial-wise, was not correlated with activity during respective odor 1 visual and visual-only trial conditions. Taken together, it is highly likely that modulations of cognitive processes such as persistent attention, goal-oriented attention, working memory, etc., are reflected in the DMN activity during the odor-visual association paradigm.
DMN Connectivity with PON1 and PON2 in the Odor-Visual Association Paradigm
Two separate runs of euSEM were used to investigate the effective connectivity between DMN and PON1 and PON2. Figure 7 shows that a directed connection from the DMN to PON1 was identified in the optimal group model of the euSEM and is presumed to reflect the ability of the DMN to modulate olfactory-related behavioral responses during this task. The PPI analysis revealed that the connectivity between the DMN and PON1 was significantly different between odor 1 visual and visual-only trial conditions (P < 0.002). As such, it appears that the DMN tends to increase the contrast between the effects of the two trial conditions on PON1. Since all participants correctly identified the presence or absence of an odor in respective trial conditions (>95%), it is reasonable to postulate that the modulated connectivity between the DMN and olfactory network might be influencing behavioral responses which are olfactory in nature during the odor-visual association paradigm.
DISCUSSION
The odor-visual association paradigm produced similar levels of DMN deactivation during both the odor 1 visual and visual-only trial conditions and can be reasonably interpreted as an indirect measure of odor detectability. This is because participants had to correctly identify the presence or absence of an odor during respective odor-1 visual and visual-only trial conditions. On the other hand, differences in the "level" of DMN deactivation could be interpreted as differences in "influence" or "modulation" between the DMN and olfactory network. The results of single trial b estimates, however, did not provide evidence for modulatory effects. Nevertheless, the results of the euSEM and PPI analyses supported an interaction between the DMN and PON1, which was modulated by odor 1 visual and visual-only trial conditions. This DMN behavior during the odor-visual association paradigm was in stark contrast to the no-odor paradigm. Our data driven method failed to detect systematic DMN deactivations by the visual-only trial condition in the no-odor paradigm. Therefore, results of this study provide support for different levels of DMN deactivations between visualonly trial conditions in the odor-visual association and noodor paradigms. Taken together, these observations suggest that cognitive resources needed for successful odorvisual pairing may cause systematic DMN deactivations by visual-only trial conditions in the odor-visual association paradigm, compared with the visual-only trials in the no-odor paradigm.
During interleaved rest conditions, the DMN was active and strongly correlated with the task on-off reference time course. Additionally, the preceding rest condition DMN activity was significantly different between odor 1 visual and visual-only trial conditions. This DMN activity before odor 1 visual and visual-only trial conditions, however, was not correlated with activity during odor 1 visual and visual-only trial conditions. The euSEM and PPI results provided evidence for a DMN involvement in modulating olfactory network activity and related behavioral responses. As such, the interaction between the DMN and olfactory networks seems to be dynamic and responsive in nature. This adds new information to a previously published study where it was shown that resting state brain activity accounts for a significant fraction of the variability in measured event-related BOLD responses and that resting state and task-related activity are linearly superimposed in the human brain .
Our data driven approach to use IC time courses to estimate the HRF and subsequent responses of event-related olfactory fMRI stimulation is innovative. In addition, it provided a basis to highlight the functional relevance of DMN deactivations during olfactory processing at many levels, which are in line with other sensory and cognitive tasks where DMN modulations have been reported [Arfanakis et al., 2000; Binder et al., 1999; Frith et al., 1991; Haxby et al., 1994] . The results of this study clearly demonstrated a modulation in connectivity between the DMN and olfactory network and raised the possibility that DMN interactions might be influencing task-evoked activity, and thus indirectly behavioral responses [Sadaghiani et al., 2015] . Such information is critically important because most task-related topographies of brain networks are recapitulated during resting state networks (RSNs), suggesting that RSNs are sculpted from the history of brain region co-activation as part of functional networks Deco and Corbetta, 2011; Patton and Fulton, 1960; Shulman et al., 1997] . Furthermore, a tight functional connection between the DMN and olfactory network is a clear indication that olfactory processing is multidimensional and relies on top-down processing [Zelano et al., 2011; Olofsson et al., 2012] . Thus, the overall findings of this study provided both new insight into the selectivity and dynamics of the olfactory network in terms of an interaction with the DMN and a novel approach to investigate interactions of RSNs during olfactory processing in the human brain [Andrews-Hanna, 2012; Arfanakis et al., 2000] . Below we focus on additional details and insight provided by the current study results.
DMN Behavior During Odor 1 Visual and Visual-Only Trial Conditions
Task-induced deactivation of the DMN may signal the suppression of attention to one's own thoughts or feelings and promote the allocation of mental and neural resources to task-related stimuli [Anticevic et al., 2012; WhitfieldGabrieli et al., 2009] . When forming associations between multiple stimuli, DMN deactivations may indicate resource allocation during memory encoding [Chai et al., 2014b] . Additionally, higher working memory demands generally result in both increased activation in cognitive control regions (e.g., prefrontal cortex [PFC] ) and greater DMN deactivations [McKiernan et al., 2003; Miller and Cummings, 2007; Shulman et al., 1997] . From this perspective, the DMN deactivations during visual-only trial conditions in the odor-visual association paradigm further In line with forming associations, we have already shown that BOLD activity elicited by visual-only trials in olfactory structures is in fact dependent on and modulated by odor-intensity variations of preceding odor 1 visual trials . Similarly, we showed that visual-only trials elicited higher BOLD activity in the dorsolateral prefrontal cortex (DLPFC) when compared with odor 1 visual trials . Therefore, it is highly likely that visual-only trial conditions are subserved by cognitive processes such as persistent attention, goal-oriented attention and working memory as part of the odor-visual pairing process. As such, the DMN deactivation caused by visual-only trial conditions in the odorvisual association paradigm may be due to cross-modal activation or due to a learned expectation of the olfactory network . Our previous publications have highlighted the failure of visual-only trials in the no-odor paradigm to produce significant visuallyevoked activity in olfactory structures [Karunanayaka et al., 2014 . The absence of consistent DMN deactivation during visual-only trials in the no-odor paradigm is, therefore, another indication that subjects might be utilizing different cognitive strategies in the respective paradigms [Lepage et al., 1998 ]. For example, in the no-odor paradigm, after presentation of several visual cues, subjects might "figure out" stimulation structure and adopt a strategy that is different to the one in the odor-visual association paradigm.
It is possible that the visual cue itself may induce search behavior for the presence of an odorant activating olfactory structures such as the POC. The no-odor paradigm, where subjects were thought to utilize different cognitive strategies, does not completely invalidate the possibility that visual-only trials in the odor-visual association paradigm are facilitating search behavior. Therefore, further work will be required to describe the time course of this associative behavior of visual-only trials and how the nature and quality of visual cues would influence this effect.
Active sniffing in the absence of an odorant is also capable of inducing BOLD signal change in the POC [Mainland and Sobel, 2006; Sobel et al., 1998 ]. Our experimental protocol, however, included specific instructions (see Supporting Information) to study participants not to sniff during both fMRI paradigms and to follow their normal breathing patterns. Before fMRI scanning, subjects were also trained to perform the task without sniffing and the sniffing behavior was monitored and recorded during the execution of paradigms using a chest belt [Wang et al., 2013] . Button responses and respiration patterns were then used to identify and exclude subjects with irregular respiration patterns and poor task performance. Thus, it seems highly unlikely that sniffing behavior was significantly contributing to the observed activation during visual-only trial conditions in the odor-visual association paradigm.
Interplay Between the DMN and the Olfactory Network
The degree of DMN suppression has been associated with better memory formation in healthy subjects [Daselaar et al., 2004 [Daselaar et al., , 2009 . This is because the hippocampus, which is functionally connected to the DMN through posteromedial regions (extending from the posterior cingulate to precuneus and lateral parietal regions), is deactivated and considered essential for successful memory formation Kahn et al., 2008; Sperling et al., 2003; Vincent et al., 2006] . Additionally, the functional synchrony in the DMN may be differentially modulated for memory encoding and retrieval by reciprocally coordinating activities in brain regions within the DMN [Daselaar et al., 2003 [Daselaar et al., , 2006 Miller et al., 2008; Pihlajamaki et al., 2008] . Since PON1 includes the hippocampus, we argue that PON1's anti-correlated behavior to that of the DMN accounts for encoding and retrieval mechanisms that may underlie odorvisual pairing mechanisms in the odor-visual association paradigm [Eichenbaum et al., 1996 [Eichenbaum et al., , 2007 Gottfried et al., 2004; Sperling et al., 2003; Yeshurun et al., 2009] . Additionally, PON1 activity was negatively correlated with DMN activation, highlighting its potential importance in terms of cognitive demand during odor processing. However, it should be noted that the negative correlation was not corrected for multiple comparisons. This behavior of PON1 is also in agreement with previous findings where the POC (part of PON1) was implicated in optimized sensory associations to incorporate cognitive and experiential factors when constructing odor object percepts [Gottfried, 2010] . Similarly, a plethora of evidence points to the involvement of the ventral striatum, a main structure in PON2, in certain forms of associative learning [Cerf-Ducastel and Murphy, 2006; Gottfried et al., 2002; Livingston and Horny, 1978] . Therefore, brain structures encompassed in PON1 and PON2, and their temporal and connectivity patterns with respect to the DMN behavior during odor 1 visual and visual-only trial conditions, appear to underscore the DMN's significance in odor-visual association during olfactory processing [Gottfried, 2010] .
The DMN and olfactory network showed differential connectivity during odor 1 visual and visual-only trial conditions (Fig. 7) . This modulatory behavior signifies the importance of DMN's influence for olfactory processing and/or odor-visual associations. Since participants almost correctly identified respective trial conditions, the modulated connectivity between the DMN and PON1 may be interpreted as relating to olfactory-related behavioral responses. Such functional connections are important because anatomic, as well as functional, imaging studies have repeatedly shown a tight connection between the DMN and the temporal lobe hippocampal memory system, which is part of PON1 [Kobayashi and Amaral, 2007] . In sum, the DMN behavior during the odor-visual association paradigm provided a mechanistic avenue to assess and quantify r DMN Deactivation r r 1135 r associative links such as odor-visual pairing that may utilize certain memory processes unique to olfaction.
Study Limitations
Some participants in our study completed the odor-visual association paradigm before the no-odor paradigm. One can, therefore, expect carryover effects such as POC activation and DMN deactivation during the no-odor paradigm. Previous work, however, suggested that odor-visual pairing is rapid and transient, making the carryover effect negligible in the current experimental design . The sample size differences between the two paradigms is another study limitation, although, the number of participants in the no-odor paradigm fell within the optimal sample size range for an imaging study [Friston, 2012] . Findings of this study can be further strengthened by using non-lexical or incongruent visual cues that have been paired with an odorant in prior encoding trial conditions. Implementing experimental designs with additional internal control conditions may also provide the opportunity for more straightforward comparisons between odor 1 visual and visual-only trial conditions. For example, a null trial with a different visual cue might be helpful in controlling for pure attentioninduced variations during this paradigm. The four-odor intensity paradigm had alternating odor 1 visual and visual-only trial conditions and, therefore, a randomized design may be better suited to delineate ordering effects in current experiments. Event-related fMRI designs with long inter-stimulus intervals (ISI) can also facilitate better differentiation between cognitive processes that subserve odorvisual pairing and after effects of olfactory stimulation. Finally, by increasing the number of trials for each odor intensity within the odor-visual association paradigm can provide an avenue to investigate how the fMRI signal varies with odor intensity for both the odor 1 visual and visual-only trial conditions.
New Frontiers in DMN Deactivations During Olfactory Processing
Further characterization of these networks in healthy subjects will be important to elucidate how olfactory processing is modulated by the DMN and its differences in subjects with impaired olfaction. Extensions of this work will also help understand the mechanisms of top-down modulations in olfaction and potentially how impaired olfaction is connected to neurodegenerative disorders such as the Alzheimer's Disease (AD) [Devanand et al., 2000 [Devanand et al., , 2010 Serby et al., 1991] . The DMN consists of subnetworks that have different spatial relationship with the POC, in terms of both Euclidean distance and structural connectivity [Di and Biswal, 2014] . How these network activities are modulated during olfactory perception and monitoring will be of great importance and should be investigated in future research. The findings of this study will also have implications in the interpretation of olfactory tasks with no measure of performance or attention. Constructing a measure which will gauge subject attention to stimuli during olfactory processing by quantifying the interaction (or lack thereof) between the DMN and the olfactory network may be possible. Answers to such questions will have implications for task design and may provide methods with which to quantify the task-demands and subject-engagement in terms of interruptions to the (presumably) cognitive processes mediated by the DMN.
Summary and Conclusions
The results of this study provided novel evidence that olfactory information processing deactivates the DMN, suggesting that olfactory perception may draw cognitive, attentional, and memory resources during odor processing [Gottfried, 2010] . The DMN exhibited modulated connectivity signifying the potential importance of the DMN's influence to predict subsequent olfactory-related task-evoked brain responses and behavioral performances. From a basic neuroscience perspective, quantifying the strength and, possibly, the efficacy of such DMN deactivations are important because this approach will help in understanding and assessing the types of cognitive processes involved in topdown projections allowing the olfactory network to process odor information in many different contexts [Dayan and Balleine, 2002; Gottfried and Dolan, 2003; Li et al., 2006; Osterbauer et al., 2005; Rabin and Cain, 1984; Stevenson, 2001; Stevenson and Oaten, 2008; Zhou et al., 2012] . In this regard, complementary approaches such as novel olfactory fMRI paradigms and advanced network modeling approaches such as ours can provide a powerful crossdisciplinary approach to further stimulate this exciting area of basic and clinical neuroscience.
